Liver mitochondrial toxicity induced by nucleoside reverse transcriptase inhibitors (NRTI) in human immunodeficiency virus (HIV) patients has been associated with a wide range of liver involvement ranging from low-grade hepatotoxicity, asymptomatic lactacidemia to severe liver insufficiency, with massive steatosis and life-threatening lactic acidosis. Considerable efforts have been made in the last few years to establish clinical guidelines to avoid life-threatening NRTI-associated lactic acidosis. However, the important issue of low-grade NRTI-associated hepatotoxicity still needs to be unravelled since its natural history is largely unknown. We have recently reported a series of 13 monoinfected HIV patients with low-grade NRTI-associated toxicity. Our results outlined the heterogeneity of NRTI-induced hepatotoxicity and raised the question of its diagnosis. The present study evaluates the expression of cytochrome oxidase (COX) subunits I and IV, encoded by mitochondrial and nuclear DNA, respectively, in NRTI hepatotoxicity. The aim of our study was to compare the detection rate of mitochondrial abnormalities of immunohistochemistry for COX subunit I with electron microscopy. COX subunit I and IV labeling was performed together with light microscopy and ultrastructural analysis in a series of 55 liver biopsies from HIV monoinfected and HIV-hepatitis C virus coinfected patients. Clinical data were also recorded. Our major findings were: (i) decreased COX subunit I labeling is associated with severe ultrastructural mitochondrial alterations and may represent overt NRTI-induced mitochondrial cytopathy; (ii) mild ultrastructural damage associated with normal COX subunit I labeling is of unknown clinical significance. The results of the study suggest that COX subunit I labeling may be a valuable tool for the diagnosis of mitochondrial liver disease in HIV patients.
The benefits of antiretroviral combined therapy in human immunodeficiency virus (HIV)-infected patients in terms of mortality and morbidity have been clearly established. 1 However, the increase in survival due to the extensive use of highly active antiretroviral therapy in HIV patients is associated with the emergence of a number of pathological conditions. Among them, liver diseases are of importance with a dramatic raise of associated-liver morbidity and mortality within the last decade, 2 mainly attributed to chronic hepatitis C virus (HCV) coinfection, [3] [4] [5] and to liver toxicities of antiretroviral drugs. 6 The major liver adverse event of HAART is the nucleoside reverse transcriptase inhibitors (NRTI)-induced liver mitochondriopathy that is related to defective mitochondrial DNA (mtDNA) replication due to the NRTI inhibition of the mtDNA polymerase g. 7, 8 The impairment of mitochondrial functions in the liver results in a cascade of deleterious events including the release of cellular lactate and defective liver fatty acid b-oxidation leading to steatosis. NRTI-associated liver toxicity ranges from potentially lethal lactic acidosis with massive steatosis and liver insufficiency to asymptomatic lactacidemia and/or mild raise in liver enzymes. 6, 7, 9 Considerable efforts have been made the last few years to establish guidelines to avoid life-threatening NRTI-associated lactic acidosis. 6 In contrast, low-grade NRTI hepatotoxicity (grade 1-2 hepatotoxicity defined as nonsymptomatic patients with aminotransferase (AT) below 5 N and without lactacidemia) still needs to be unravelled since its natural history is largely unknown. Thus, it is currently not know if it represents a factor of cumulative chronic liver impairment, together with chronic hepatitis C or alcoholic liver disease.
We recently described the liver histology and electron microscopy (EM) findings in a series of monoinfected HIV patients treated with NRTI-based regimens. 10 In this study, we observed that clinically and biologically defined low-grade hepatotoxicity could be associated with severe ultrastructural mitochondrial impairment and inconstant steatosis. Our results outlined the heterogeneity of NRTIinduced low-grade hepatotoxicity and raised the question of its diagnosis. 10, 11 Therefore EM that has been considered as the gold standard in the diagnosis of mitochondrial cytopathy may be limited in this particular field of low-grade hepatotoxicity. This issue, together with other limitations of EM, that is,the low tissue sampling and the rare availability of EM for routine practice in the majority of the centers, emphasizes the need to address complementary markers for the diagnosis of NRTI hepatotoxicity. New biochemical and molecular approaches have been recently proposed for the diagnosis of NRTI mitochondriopathy, but need to be validated in clinical practice. [12] [13] [14] [15] In this regard, various antibodies raised against proteins involved in mitochondrial oxidative phosphorylation are now available for immunohistochemistry on formalin-fixed paraffin-embedded tissues. 16 In the present study, the immunohistochemical detection of respiratory chain protein cytochrome oxidase (COX) subunits I and IV, encoded by mtDNA and nuclear DNA (nDNA), respectively, was performed in liver biopsies from HIV patients. The aim of our study was to compare the detection rate of mitochondrial abnormalities of immunohistochemistry for COX subunit I with electron microscopy. Our results suggest the validity of immunohistochemical analysis of COX subunits for the diagnosis of liver NRTI-related mitochondriopathy.
Materials and methods

Patients
In this study, all the cases were HIV-seropositive patients followed in the department of Clinical Immunology of the Hô pital Européen Georges Pompidou in Paris, France. All patients underwent a liver biopsy with both histological and ultrastructural assessment. One group included 16 HIV monoinfected patients retrieved retrospectively from our files, all being treated with NRTI-based regimen. Liver biopsy was performed in these 16 monoinfected patients because of suspicion of liver toxicity. Some of these patients have already been reported in our previous study. 10 A second group included 39 coinfected HIV-HCV patients that were enrolled prospectively in this study during a period of 2 years. Patients were biopsied either for the follow-up of a chronic hepatitis C or for unexpected abnormalities of liver enzymes. Nine HIV-HCV coinfected patients did not receive any antiretroviral treatment. Patients with liver insufficiency and/or lactic acidosis were not included in this study, because in these cases the diagnosis of severe NRTI liver toxicity did not require a liver biopsy with EM. Finally, because of the difference in the selection methods between HIV and HIV-HCV patients enrolled in this study, no statistical comparison was drawn between these two groups.
For all the patients both clinical and biological data at the time of the liver biopsy were recorded. Laboratory tests included liver tests, that is, serum AT AST (normal range 9-36 IU/l) and ALT (normal range 7-35 IU/l), alkaline phosphatase (AP, normal range 30-80 IU/l) and gamma glutamyl transferase (gGT: normal range 10-45 IU/l), serum lactates (normal o2.2 mmol/l), serum lipid triglycerides (normal range 0.45-1.70 mmol/l), and total cholesterol (normal range 4-5.2 mmol/l), creatine phosphate kinase (CPK, normal range 15-140 IU/l), and lipase (normal range 7-60 IU/l). An extrahepatic syndrome was defined by either neuromuscular, digestive or pancreatic clinical or biological abnormalities, that is muscular weakness, peripheral neuropathy, digestive symptoms such as diarrhea with weight loss, significant and durable rise of CPK or lipase. In the absence of any other cause, these extrahepatic symptoms were considered as suggestive of antiretroviral toxicity. 7 
Tissue Sampling and Histopathology
Liver percutaneous needle biopsies were cut into two pieces, one piece (42 mm long) was immediately fixed in 2.5% glutaraldehyde for EM and the other (410 mm long) in 10% buffered formalin for standard histology. Paraffin sections were stained with hematoxylin-eosin, picrosirius red and Perl's method. Sections were evaluated by two different observers (JPDVH and PB) for steatosis, hepatocyte ballooning, Mallory's hyaline, megamitochondria, portal and lobular inflammation and fibrosis. Overall steatosis, including macrovacuolar and microvesicular steatosis, was graded (St-g) according to the semiquantitative score established by Rullier et al 5 (grade 0: none, grade 1: up to 10%, grade 2: 10-30%, grade 3: 430%). In addition, foci of microvesicular steatosis were recorded when present. In coinfected patients, periportal inflammation (0-3) and intralobular necrosis (0-2) were graded using the METAVIR scoring system, 17 with the activity algorithm (A). Portal fibrosis (0-4) was also defined and graded according to the METAVIR scoring system. In addition, the presence of perisinusoidal fibrosis (0-1) within the lobule was assessed on Sirius red stained sections.
Electron Microscopy
Glutaraldehyde-fixed samples were available for all patients and were processed following standard EM technique as previously described. 10, 11 Mitochondial abnormalities were defined by alterations of mitochondrial profiles and by the presence of mitochondrial inclusions. Mitochondrial abnormalities were semiquantitatively evaluated according to the extent of mitochondrial damage: grade 1 (Mt-g1 ¼ mild) was defined by a partial loss of mitochondrial profiles; grade 2 (Mt-g2 ¼ severe) included total or subtotal loss of mitochondrial profiles. Ultrastructural grading of mitochondrial abnormalities was performed by two observers (JPDVH and PB) in a blinded fashion.
Immunohistochemistry
Immunohistochemical studies were performed with antibodies specific for respiratory chain proteins that are encoded by mtDNA or by nDNA. Mouse monoclonal antibodies (Molecular Probes Inc, Eugene, OR, USA) raised against human COX subunit I (clone 1D6) which is mtDNA encoded and human COX subunit IV (clone 20E8), which is nDNA encoded were used. 16 A three step avidinbiotin immunoperoxidase method with prior heatinduced antigen retrieval (TRS, Dako, Trappes, France) was performed on formalin-fixed paraffinembedded liver biopsy sections. Labeling of COX subunits was assessed by three observers (JPDVH, MFB, and PB) in a blinded fashion. Control tissue samples were obtained from normal area from surgical hepatectomy for cancer or from liver biopsies of patients with chronic viral hepatitis or alcoholic liver disease.
Statistic Analysis
Results were expressed as mean þ /À standard error. Comparison of quantitative variables was performed using ANOVA and Mann-Whitney test. w 2 test was used to compare qualitative and semiquantitative variables. For small numbers statistics, Yate's correction was used after appropriate clustering of cases. All analyses were performed using Statview s software. Statistical significance was set at Po0.05.
Results
Clinical Findings
The characteristics of the patients at the time of the liver biopsy are summarized in Table 1 . In our series, they were 47 male and eight female patients with a median age of 43 years (range 33-56 years). Median CD4 count and HIV RNA at the time of the liver biopsy were 462 Â 10 6 /l (range 52-1400 Â 10 6 /l), and 2.88 log copies/ml (range 1.70-5.38 log copies/ml), respectively. The median duration time of HIV infection was 11 years (range 2-23 years). No patient had any present history of alcohol abuse. Circulating hepatitis B surface antigen was absent in all cases. None of these patients was treated with other mitochondrial damaging drugs, that is, valproate, tetracyclins.
All HIV monoinfected patients were treated with NRTI alone or with an association of two NRTI with non-nucleoside reverse transcriptase inhibitors (NNRTI) and/or protease inhibitors (PI). Abnormalities of the liver tests were constantly present in the HIV monoinfected group. Mean lactates were 2.5 mmol/l without any acidosis. Extrahepatic syndrome suggestive of antiretroviral toxicity was present in nine patients. It was characterized by neuromuscular abnormalities, digestive symptoms with weight loss, elevated lipase, and CPK.
In the HIV-HCV coinfected group, nine patients were untreated and six patients received NRTI alone. Ten and 12 patients were treated with NRTI plus NNRTI and NRTI plus PI, respectively. Two patients received a triple association of antiretroviral drugs. All coinfected patients presented with elevated liver enzymes. Although mean lactates were normal, a mild increase in serum lactates (42.2 mmol/l) was found in four patients without any acidosis. Extrahepatic syndrome was present in 15 cases.
Histopathology
Histopathology is illustrated in Figure 1 and summarized in Table 2 .
Steatosis and other hepatocyte changes Steatosis ZSt-g1 was observed in 13 monoinfected patients (81%). Mild steatosis (St-g1) and moderate to marked steatosis grades (St-g2 þ St-g3) (Figure 1a ), were present in 25 and 56% of the patients, respectively. In addition to macrovacuolar steatosis, foci of microvesicular steatosis were observed in five cases (Figure 1b) . Globular megamitochondria were present in two cases (Figure 1c) . Foci of ballooned hepatocytes ( Figure 1d ) and occasional Mallory bodies were present in 10 cases and four cases, respectively.
In HIV-HCV coinfected patients, mild steatosis (St-g1) and moderate to marked steatosis (St-g2 þ Stg3) involved 49 and 15% of cases, respectively. The mean steatosis grade was 0.79. Microvesicular steatoses were observed in two cases.
Inflammation and fibrosis-Chronic hepatitis grading Both inflammation and fibrosis were semiquantitatively assessed in HIV monoinfected patients. Low-grade periportal activity and lobular necrosis were observed in 19 and 56% of these patients, respectively. Lobular activity consisted of acidophil necrosis or Councilman bodies with only minor inflammation, that is, rare lymphocytes and polymorphonuclears. Sixty-nine percent of monoinfected patients also exhibited a slight portal fibrosis associated with mild portal inflammation in less than one-third of the cases. Using Sirius red staining, perisinusoidal fibrosis was observed in 37% of monoinfected patients, mainly in cases with lobular activity.
Liver biopsies from HIV-HCV coinfected patients were graded according to the METAVIR scoring system. The activity and the fibrosis scores were 1.5 þ /À0.1 and 1.7 þ /À0.2, respectively. Onehalf of the coinfected patients had perisinusoidal fibrosis. Figure 2 and summarized in Table 2 .
Electron Microscopy
EM is illustrated in
Mitochondrial abnormalities consisted of reduction to complete loss of mitochondrial profiles (Figure 2b-d) . Paracristallin inclusions were found in 10 patients, sometimes in megamitochondria (Figure 2c ). Autophagosomes containing remnants of degenerative mitochondria were also present. In addition, cholestasis and sinusoidal fibrosis, lipid droplets, were frequently observed (data not shown).
EM abnormalities are presented in Table 2 . Among the 16 monoinfected patients, 15 had mitochondrial abnormalities, ranging from mild to severe (Mt-g1 ¼ 6 patients, Mt-g2 ¼ 9 patients) and one had normal mitochondria (Figure 2a) . Thus, severe mitochondrial defects were observed in 56.2% of the monoinfected patients.
Among the 39 HIV-HCV coinfected patients, 27 had mitochondrial abnormalities (Mt-g1 ¼ 22 patients, Mt-g2 ¼ 5 patients). However, severe mitochondrial defects were present in only 12.8% of the coinfected patients. Interestingly, among the 12 coinfected patients without mitochondrial abnormalities, five were untreated and seven received NRTI-based regimen. Conversely, among the nine coinfected patients that were not treated by antiretroviral therapy, four presented mild (Mt-g1) ultrastructural mitochondrial abnormalities, and five had no ultrastructural abnormalities.
Immunohistochemistry of COX Subunits I and IV
COX subunit labeling is illustrated in Figures 3, 4 and summarized in Table 2 .
In control liver tissues COX subunit I and IV immunostaining was first assessed in control percutaneous or surgical liver biopsies. A total of 15 tissue samples from normal liver, alcoholic liver disease, B and C viral hepatitis, all with various extent of inflammation and fibrosis were tested for COX subunits I and IV labeling. In all cases, a strong cytoplasmic immunoreactivity was present in hepatocytes and bile duct cells with both antibodies (Figure  3a-b) . The hepatocytes were homogeneously labeled, with rare limited areas of slightly decreased staining (Figure 3c ), mainly in the centrilobular zone. Interestingly, COX subunit labeling was unaffected by fibrosis or inflammation in both alcoholic disease or viral hepatitis. Thus, COX subunit staining was still homogenous in overt cirrhosis (Figure 3d ).
In liver biopsies of patients
Decreased expression of COX subunit I labeling was observed in nine monoinfected and in five coinfected patients. In these cases, the loss of COX subunit I was variable between hepatocytes without any generalization resulting in a heterogenous and 'mottled' pattern of labeling within the hepatic lobule (Figure 4a ). In cases with dramatic reduction of COX subunit I staining, islands of labeled hepatocytes persisted within nearly a totally negative lobule (Figure 4c ). On the contrary, COX subunit IV (encoded by nDNA) was unaffected in all 13 cases (Figure 4b ), although an inconspicuous labeling heterogeneity was present in cases with dramatic reduction of COX subunit I (Figure 4d ). Table 3 summarizes the clinical, biological, and histological findings according to the normal or decreased liver labeling of COX subunit I. A decreased expression of COX subunit I labeling was never observed in untreated patients. Reduction of the expression in COX subunit I was associated with a significant rise in AST, ALT, and AP in Statistical analysis with comparison between HIV-HCV treated vs HIV-HCV untreated groups. a P-value after clustering of St-g0 and St-g1 grades vs clustering of St-g2 and St-g3 grades. b P-value after clustering of portal activity 0 and 1 vs clustering of portal activity 2 and 3. c P-value after clustering of lobular necrosis 0 and 1 vs lobular necrosis 2. coinfected patients only. In both mono and coinfected patients, cases with decreased COX subunit I exhibited a rise in the lactates, although not significant in monoinfected patients. Extrahepatic syndrome was more frequently observed in COX subunit I negative patients. Steatosis was more frequent when COX subunit I was decreased. Thus, mean steatosis grade was significantly higher in patients with decreased of COX subunit I, both mono-and coinfected.
Relationship between Clinical Findings and Histological Findings
Relationship between COX subunit I labeling and ultrastructural data is illustrated in Table 4 . Statistical analysis (Yates' w 2 ) after clustering of monoand coinfected patients, and of Mt-g0 and Mt-g1 grades, showed a significant association between decreased COX subunit I and severe mitochondrial abnormalities in EM (Mt-g2). Among the 13 patients with reduction of COX subunit I labeling (nine monoinfected patients and four coinfected patients), 11 patients (85%) had severe mitochondrial abnormalities at EM, but two patients had only minor abnormalities. Normal expression of COX subunit I was associated with normal EM (13 cases), mild mitochondrial abnormalities (26 cases), and severe mitochondrial defects (three cases). EM grade was significantly higher in patients with a decrease in COX subunit I labeling.
Five cases had discordant results between COX subunit I labeling and EM (Table 5 ) and were detailed as follow: 1/3 out of 14 cases with severe ultrastructural abnormalities were not associated with decreased COX subunit I (case nos. 1-3). The first case (case no. 1) was a monoinfected patient with subnormal liver tests and liver histology. Two coinfected cases were clinically or histologically suggestive of mitochondrial toxicity. In one case (case no. 2), liver histology showed St-g2 steatosis with foci of microvesicular steatosis, hepatocyte ballooning degeneration, and megamitochondria, but lactates were normal. In the other case (case no. 3), lactates were 3.2 mmol/l but with isolated mild steatosis St-g1 on liver biopsy; 2/2 patients with minor (Mt-g1) abnormalities had reduced labeling of COX subunit I associated. Case no. 4 was a monoinfected patient with steatosis St-g3, hepatocyte ballooning degeneration, and megamitochondria at histology, but lactates were normal. Case no. 5 was a coinfected patient with high lactates, moderate steatosis, and severely increased AT levels.
Considering prospectively enrolled HIV-HCV coinfected patients alone, steatosis was present in 64% of cases. Steatosis was not significantly associated with genotype 3, METAVIR activity or fibrosis score, EM findings or COX subunit I labeling. The distribution of METAVIR activity and fibrosis scores was then assessed according to COX subunit I labeling and EM grade. Mean fibrosis score was significantly elevated in patients with decreased COX subunit I labeling (F score: 3 þ /À0.6 in decreased COX subunit I patients vs 1.6 þ /À0.2 in normal COX subunit I patients, Po0.05) and in severe mitochondrial abnormalities at EM (A score: 2.6 þ /À 0.4 in Mt-g2 patients vs 1.6 þ /À0.2 in Mt-g0 and 1.6 þ /À0.3 in Mt-g1, Po001). Mean activity score was similar in all groups.
Discussion
In the present study, the immunohistochemical detection of respiratory chain protein COX subunits I and IV in liver biopsies from HIV patients was evaluated for the diagnosis of NRTI-associated toxicity. Our main result is that decreased expression of mt-DNA encoded COX subunit I is associated with severe ultrastructural mitochondriopathy. Thus, COX subunit I labeling and EM together classify 90% of our patients into: (i) patients with 'overt mitochondrial cytopathy' characterized by decreased COX subunit I labeling and severe ultrastructural mitochondriopathy; (ii) patients with 'isolated mild ultrastructural mitochondrial abnormalities' characterized by normal COX subunit I labeling and mild ultrastructural abnormalities; (iii) patients with 'no mitochondrial structural damage' characterized by normal COX subunit I labeling and EM. However, the remaining five cases (out of 55) represent discrepancies between COX labeling and EM: decrease in COX subunit I was lacking in three cases with severe EM abnormalities, and was detected in two cases with only mild mitochondrial EM lesions. Such discrepancies might be due to: (1) sampling limitation of EM, since ultrastructural examination is restricted to a very small amount of tissue. Furthermore, the reduction COX subunit I labeling is highly variable between adjacent hepatocytes in the same liver biopsy (see Figure 4a, c) . Such heterogeneity may worsen the problem of sampling in EM; (2) differences in the sensitivity of the two techniques for the detection of mitochondrial damage. It is likely that COX subunit I labeling is less sensitive than EM for the diagnosis of structural abnormalities of the mitochondria.
As two groups of patients are characterized, one with 'isolated mild ultrastructural mitochondrial abnormalities' and the other with 'overt mitochondrial cytopathy', our results probably reflect the pathogenesis of NRTI-associated mitochondriopathy in HIV/AIDS patients. 7, 8 In this 'two-hit' injury model, mitochondrial injury is multifactorial and may be explained by the cumulative effects of mitochondrial insults depending on host factors, drugs, oxidative stress, etc. [18] [19] [20] It is likely that decreased COX subunit I labeling and severe ultrastructural alteration correspond to profound and clinically relevant drug-induced liver toxicity, that was observed in 50% of HIV monoinfected patients and in 13% of coinfected patients. In monoinfected patients, clinical features alone were unable to diagnose severe mitochondriopathy, whereas, drug toxicity strongly impaired liver tests and lactate levels in coinfected patients. As expected, macrovacuolar and microvesicular steatosis were associated with decreased COX subunit I labeling and severe ultrastructural mitochondriopathy in both groups. The 'two-hit' injury model of mitochondrial injury may also explain our cases with isolated EM abnormalities. In these cases, although clinically relevant drug toxicity is unlikely, mitochondrial ultrastructural alterations may be explained by the cumulative deleterious effects of various origins. HIV infection per se has been associated with mitochondrial dysfunction. 21, 22 Alteration of mitochondrial structure have also been reported in HCV monoinfected patients, together with induction of the oxidative stress and steatosis. [23] [24] [25] [26] [27] As a matter of fact, Bauerle et al 28 have recently measured liver mtDNA of HCV monoinfected patients and in HIV-HCV patients, before any antiretroviral treatment. Liver mtDNA levels was decreased in both HCV and HIV-HCV patients as compared to normal controls, and the mtDNA depletion was more pronounced in HIV-HCV patients.
Finally, the value of COX subunit I labeling should be addressed by taking into account the considerable efforts that have been made within the last few years to improve the diagnosis of NRTIinduced mitochondrial cytopathy in HIV/AIDS patients. Recent studies have made attempts to demonstrate the usefulness of various biochemical, molecular, and functional mitochondrial tests on peripheral leukocytes for the clinical practice. [12] [13] [14] [15] Although several authors have reported that peripheral leukocytes mtDNA/nDNA ratio determined by RT-PCR was decreased in symptomatic hyperlactacidemia, 12, 13 others have observed discordant results between peripheral mtDNA measurement, functional mitochondrial evaluation and clinical parameters that is lactates. 14, 15 That mitochondrial assessment in peripheral leukocytes reflects a target organ toxicity, that is, the liver toxicity has not been clearly demonstrated. Thus, Vittecoq et al 29 have reported a dissociation between mitochondrial evaluation in muscular biopsies and in peripheral leukocytes. Interestingly, Walker et al 30 reported a profound liver mtDNA depletion in patients treated with ddC and ddI, both highly toxic NRTI in vitro. mtDNA was also decreased in patients with elevated lactates.
In summary, COX subunit I labeling in liver biopsies may be a valuable tool for the diagnosis of NRTI-induced mitochondrial cytopathy in HIV patients with clinically low-grade hepatotoxicity. Decreased expression of COX subunit I that is associated with severe ultrastructural abnormalities defines a group of overt NRTI-related mitochondriopathy. Our results also raise the question of the clinical significance of isolated mild ultrastructural mitochondrial abnormalities without alteration of COX subunit I expression. The consequences of low grade but long lasting mitochondrial dysfunction, together with secondary oxidative stress on liver parenchyma are currently unknown and remain speculative 27 and thus warrant further investigation. 
